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Introduction
Many species of fish, reptiles, and birds have carotenoid-based integumentary coloration. No vertebrate species can synthesize carotenoids de novo; they must ingest carotenoid pigments to use them as colorants (Fox and Vevers 1960) . Once ingested, however, carotenoid pigments can be modified via enzyme-supported redox reactions. Such redox reactions can change the fundamental hue of carotenoids, including transformations of yellow dietary hydroxycarotenoids (e.g., lutein, zeaxanthin) to red ketocarotenoids (e.g., astaxanthin, canthaxanthin; Brush 1990) .
Oxidation of dietary carotenoids is a particularly widespread and important source of coloration in songbirds (order Passeriformes). The diets of most songbirds contain four primary carotenoid pigments, all of which are yellow or orange: b-carotene, b-cryptoxanthin, zeaxanthin, and lutein (McGraw 2006) . Some songbirds use these dietary pigments directly (Partali et al. 1987 ). Others oxidize lutein or zeaxanthin to produce the yellow pigments canary xanthophyll a and b (Stradi et al. 1995) . Still other songbirds ketolate dietary pigments by introducing ketone groups to produce red ketocarotenoids. Ketolation of yellow dietary pigments is the primary source of red coloration in songbirds (Stradi et al. 1996 (Stradi et al. , 1997 Inouye et al. 2001 ; fig. 1 ).
Extensive research has been conducted on both the function (Hill 2002 (Hill , 2006 and the production (Hill and Johnson 2012; García-de Blas et al. 2015) of red carotenoid pigmentation in birds. Types and concentrations of carotenoid pigments have been characterized in internal tissues (including blood, fat, liver, and retina; Toomey and McGraw 2010) as well as in external structures with ornamental coloration (including feathers, bills, and skin; McGraw et al. 2003 McGraw et al. , 2006 McGraw and Toomey 2010 ). Among bird species in which carotenoids have been identified from colorful feathers and bare parts, about half display red coloration (McGraw 2006) . Despite this interest in red carotenoid coloration in songbirds, the site of carotenoid metabolism remains uncertain and contentious. The liver has been proposed as the likely site of metabolism (del Val et al. 2009a (del Val et al. , 2009b , but that hypothesis has been disputed (McGraw 2009) as universally applicable on the basis of the observations that integumentary pigments are absent from liver and plasma in some species (García-de Blas et al. 2015; McGraw 2004) . More recently, it was proposed that hepatic carotenoid metabolism should occur within or in close association with mitochondria because (1) evolutionary relationships exist between carotenoids and quinones (Johnson and Hill 2013) ; (2) (Hill and Johnson 2012) ; (4) there are plausible oxidation sites, such as complex III, that could serve as a location for carotenoid oxidation (Johnson and Hill 2013) ; and (5) carotenoids are known to be transported to the mitochondria in some bird species (Mayne and Parker 1986) .
Here, we studied pigment accumulation in the livers of male house finches (Haemorhous mexicanus) that were undergoing molt and hence synthesizing ketocarotenoids from dietary carotenoids. Our goal was to describe the specific subcellular locations of carotenoids in a putative site for production of ornamental red pigments. Male house finches have extensive carotenoid plumage coloration that varies from red to yellow and that is developed in a relatively short window of time in the late summer during prebasic molt (Hill 2002) . On the basis of likely precursor-product relationships, it has been argued that house finches derive their red coloration by oxidizing primarily dietary b-cryptoxanthin into primarily the red ketocarotenoid 3-hydroxy-echinenone (Inouye et al. 2001; McGraw et al. 2006) . We collected wild molting male house finches and analyzed the carotenoid content of cellular fractions of homogenized liver to test a key assumption of the hypothesis that carotenoid pigments used for ornamental feather coloration are oxidized in hepatic mitochondria. Within this context, high concentration of ketocarotenoids would be expected inside the mitochondria, while the level of precursor b-cryptoxanthin should be much lower.
Material and Methods

Collection of Liver Samples
In August 2014, four hatching-year molting house finches were captured at a feeding station in Lee County, Alabama (32735′46.480″N, 285729′29.270″W). Males were killed by asphyxiation in a CO 2 chamber, following protocols approved by the Institutional Animal Care and Use Committee at Auburn University. The whole liver of each male was removed within 1 min of euthanasia and, within 20 s, chilled on ice. Livers and extracts were kept on ice throughout the process of mitochondria isolation.
Mitochondrial Preparation
Mitochondria were prepared by differential centrifugation, using the protocol of Trounce et al. (1996) modified by Ingraham and Pinkert (2003) . Within 20 s of dissection from carcasses (n p 4), livers were rinsed and minced in mitochondria isolation buffer. During the entire procedure, each bird's liver was processed separately, and all liver mitochondria preparations were kept at 47C. Minced livers were then homogenized with a 2-mL glass Teflon homogenizer at 300 mg tissue per milliliter of buffer. The crude homogenate was centrifuged twice at 750 g for 10 min. Remaining pellets were collected and resuspended in 1 mL SMEE as fraction 1. The 750 g supernatant was centrifuged for 15 min at 9,800 g, and the resulting supernatant was collected carefully as fraction 2. The pellet was resuspended slowly by drop-wise addition of SMEE. This suspension was then centrifuged for 10 min at 9,800 g again, and supernatant for this spin was collected as fraction 3. The final purified mitochondria pellets were resuspended in 1 mL SMEE (fraction 4) and stored at 2807C.
Immunocytochemistry: Western Blot Analysis
We used marker proteins to identify fractions isolated by centrifugation containing mitochondria. Total protein concentration for the various fractions was determined using Bradford assay (Bradford 1976) , with fat-free BSA as the standard. A Shimadzu UV-2450 spectrophotometer (Chiyoda-ku, Tokyo) was used to measure absorbance of the Bradford reagent at 595 nm. We made a standard curve of protein concentration that we used to estimate the protein content of isolated fractions.
Immunoblots of putative mitochondria pellets were performed using rabbit polyclonal antibody adenine nucleotide translocator proteins 1, 2, 3, and 4 (ANT1/2/3/4, Santa Cruz Biotechnology), which is a multipass membrane protein of the mitochondrial inner membrane that can be used to quantify mitochondria (Olvera-Sanchez et al. 2011) . Isolated mitochondria extracts were suspended in 1# phosphate-buffered saline (PBS) solution and incubated in boiling water for 5 min to break the mitochondria membrane and denature the proteins released. Proteins (28.5 mg/well) were separated by SDS-PAGE in 10% gels at 200 V for 40 min and transferred to polyvinylidene fluoride (PVDF) membranes via a semidry electrophoretic transfer Figure 2 . Images of fraction 4 in the mitochondrial isolation series used in this study made with a TEM at a magnification of #12,500 (left) and #50,000 (right). Mitochondria appear unbroken and are present in high density.
cell at 20 V for 30 min. Membranes were washed three times for 5 min each with PBS containing 0.05% Tween-20 (wash buffer), followed by blocking with 5% nonfat powdered milk in washing buffer for 90 min. Primary polyclonal antibody for ANT1/2/3/4 (Santa Cruz Biotechnology) was diluted by 1/1,000 in wash buffer, respectively. Membranes were incubated with primary antibody at room temperature overnight (12 h), followed by two 5-min washes. The secondary antibody (goat antirabbit IgG [heavy and light chain] antibody) was diluted to 1/5,000 in wash buffer before being added to membranes for 40 min incubation. Membranes were then washed three times before visualization onto photographic x-ray film with Amersham ECL select (GE Healthcare, Pittsburgh), according to manufacturers' protocols.
Carotenoid Analysis
Methods for carotenoid extraction and high-performance liquid chromatography (HPLC) analyses generally follow those of McGraw and Toomey (2010) . We sequentially extracted carotenoids from 10 mL of each thawed liver fraction using ethanol and then 1∶1 (v/v) hexane∶methyl tert butyl ether, vortexing for 5 s after adding each solvent. We centrifuged the tubes, transferred the colored supernatant to a fresh tube, and evaporated the solution to dryness under a stream of nitrogen. We resuspended residue in 200 mL HPLC mobile phase (42∶42∶16 methanol∶acetonitrile∶dichloromethane, v/v/v) and injected 50 mL into a Waters Alliance HPLC instrument (Waters, Milford, MA) equipped with a reverse-phase C-30 YMC carotenoid column (YMC, Kyoto) and a column heater set to 307C. The column was pretreated with 1% orthophosphoric acid to permit recovery of ketocarotenoids (Toomey and McGraw 2007) . Runs consisted of isocratic elution in the mobile phase for 11 min, followed by a linear gradient that finished at 42∶23∶35 methanol∶acetonitrile∶dichloromethane at 21 min; these conditions were held until 25 min, at which point the run returned to initial conditions until 29.5 min. Carotenoids were identified by comparison to standards and quantified using external standard curves. We detected lutein, b-carotene, and 3-hydroxy-echinenone in several forms (cis isomers plus in pure and esterified form), and all data are presented in carotenoids/10 mg protein (Palczewski et al. 2014) .
Results
Identification of Isolated Liver Fractions
On the basis of validations in previous studies of the standard protocols that we employed (Johnson et al. 1967; Prudent et al. 2013 ), we classified fraction 1 that was deep brownish redthe same color as homogenized whole liver-to contain mostly tissue debris and blood. The soluble fraction of the second centrifugation step (fraction 2) should contain microsomes, fat, soluble debris, broken mitochondria membrane, and other organelle debris. Fraction 2 had a slight orange color. Fraction 3, a second supernatant, is proposed to be the suspension of similar cellular fraction residues from fraction 2 and was pale in color with the lowest protein concentration among all fractions, suggesting that most microsomal and cytosolic components were removed after the first high-speed spin. Finally, we took fraction 4 to be the crude mitochondria pellet. It was orange-red in color. Support for fraction 4 being a mitochondrial pellet came from direct observation of the fraction using TEM. The TEM image shows dense and unbroken mitochondria in fraction 4 ( fig. 2) . We also used polyclonal antibody for ANT1/2/3/4, which is a mitochondrial marker to test fractions for mitochondrial content. ANT1/2/3/4 increased in concentration through the extraction steps, with the highest concentration in fraction 4, the mitochondria pellet ( fig. 3 ). Few total proteins were detected in fraction 3, so it was not included in western blot analysis.
Carotenoid Concentration
Carotenoids were detected in three fractions, but the highest concentration was in fraction 4, the crude mitochondrial pellet (fig. 4) . Approximately 85% of the total carotenoids as well as 67% of the total ketocarotenoids were found in the crude mitochondrial pellet. Ketocarotenoids were nearly twice as abundant in the crude mitochondrial fraction, as were other carotenoids, suggesting that ketocarotenoids were located either within hepatic mitochondria or closely associated with them.
Discussion
Red pigmentation of the feathers and bare parts of birds has been the focus of intensive research by behavioral and evolutionary biologists interested in understanding the function and evolution of ornamentation (Hill 2002; Hill and McGraw 2006) . The physiological mechanisms that underlie the production of ornamental coloration are central to hypotheses related to the signal content of red coloration (Hill 2011; Hill and Johnson 2012; García-de Blas et al. 2015 ). Yet, key aspects of the production of red coloration remain unstudied. Here we made the first attempt to determine the carotenoid content of subcellular fractions of hepatic tissue and determine the site of accumulation of metabolically produced ketocarotenoids in a songbird that uses these pigments for integumentary coloration. We detected high concentrations of carotenoids in the mitochondria of hepatocytes, which turned out to be 15 times higher (carotenoids/10 mg protein) than in the mitochondria of spleen and brain of these same birds and 10 times higher than in the mitochondria of heart (Z. Ge and G. E. Hill, unpublished data). These observations suggest that the liver is a major site of ketolation or storage of the red carotenoid pigments used by songbirds to color feathers. In other orders of birds and especially for carotenoid coloration of bare parts, ketolation may occur at sites other than the liver, such as the integument (García-de Blas et al. 2015) . More comparative data are certainly needed.
Our data suggest that the subcellular location of carotenoid ketolation is within mitochondria, on the outer membrane of mitochondria, or in close association with Golgi apparatuslinked mitochondria-associated endoplasmic reticulum membranes. As we proceeded toward more purified hepatic mitochondria through rounds of centrifugation, ketocarotenoid concentrations in the mitochondrial layer increased, such that the enriched mitochondrial fraction had the highest levels of ketocarotenoids. Microscopic examination of this fraction also showed a high density of unbroken mitochondria. Because of the limits of the mitochondria isolation technique, there was undoubtedly loss and damage of intact mitochondria in each round of centrifugation, leading to carotenoids leaking from ruptured mitochondrial membranes. The first high-speed supernatant (fraction 2) would be expected to have the highest concentration of carotenoids released from the breakage of mitochondria because of the attraction of carotenoids to the high fat content of debris, and that is what we observed.
High concentration of ketocarotenoids in mitochondria of hepatocytes is consistent with a key prediction of the hypothesis that oxidation of dietary carotenoids occurs in mitochondria of liver cells (Hill and Johnson 2012; Johnson and Hill 2012) and that the liver is a primary site of red carotenoid ketolation in red cardueline finches (del Val et al. 2009a (del Val et al. , 2009b ). This conclusion, however, rests on the assumption that a high concentration of ketolated carotenoids is indicative of the site where the ketolation occurred. In our study, low levels of bcryptoxanthin were detected in crude mitochondria pellets, suggesting the presence of the substrate for ketolation; almost no b-cryptoxanthin was found in other fractions (data not presented). Low levels of b-cryptoxanthin have also been detected in plasma in a recent analysis of plasma of molting house finches from Arizona (Giraudeau and McGraw 2014) , suggesting the possibility of rapid conversion from b-cryptoxanthin to 3-hydroxyechinenone. More data are needed to demonstrate that hepatic mitochondria are the primary site of metabolism of the red pigments used to color the feathers of songbirds. Even if technically difficult, an informative approach would be to use radiolabeled carotenoids or stable carotenoid tracers to track production pathways for carotenoids (Schiedt 1998) .
Our observations of high concentrations of carotenoids within or in intimate association with the mitochondria of the hepatic cells of molting hatching-year male house finches have important implications for the cellular mechanisms that regulate the production of ornamental plumage coloration. Ornament elaboration is a function of the redness of plumage display in the house finch and other birds (Hill 1996) , and plumage redness is a function of the ratio of ketocarotenoids versus xanthophylls deposited in feathers (Inouye et al. 2001; McGraw et al. 2006) . If carotenoid ketolation occurs within or on the outer surface of mitochondria, then carotenoid oxidation will likely be linked to core electron transporting events, including cytochrome b5 and vitamin C reduction on the outer mitochondrial membrane and oxidative phosphorylation on the inner mitochondria membrane. The efficiency of the ketolation process is likely to reflect core electron transport efficiency, and this should be reflected in plumage coloration (Hill 2011; Johnson and Hill 2013) . Females can potentially assess the efficiency of cellular respiration of prospective mates by assessing plumage redness (Hill 2014) . This hypothesis could be tested directly by relating the redness of growing feathers to respiratory efficiency. In future studies, it would be informative to obtain more highly purified hepatic mitochondria from density centrifugation to better address the direct correlation between carotenoids ketolation and functional status of mitochondria of avian hepatic cells.
